Oral swirls are a noninvasive, rapidly collected source of salivary microRNA (miRNA) potentially useful in the early detection of disease states, particularly oral squamous cell carcinoma (OSCC). The aim of this study was to predict the presence of OSCC using a panel of OSCC-related dysregulated miRNA found in oral swirls, identified jointly in data from formalinfixed paraffin-embedded (FFPE) and fresh-frozen specimens. Next-generation sequencing (NGS) was used to determine miRNA fold changes in FFPE OSCC specimens relative to histologically normal epithelium. These data were placed with NGS of fresh-frozen tissue data of The Cancer Genome Atlas database to select a panel of commonly dysregulated miRNA. This panel was then analyzed by RT-qPCR in RNA extracted from oral swirls collected from 30 patients with OSCC and 30 controls. Upregulation of miR-31 and miR-21 and downregulation of miR-99a, let-7c, miR-125b, and miR-100 were found between OSCC and controls in both FFPE and fresh-frozen samples. These miRNAs were studied in a training set of 15 OSCC versus 15 control oral swirls to develop a dysregulation score [AUC, 0.95; 95% confidence interval (CI), 0.88-1.03] and classification tree. A test cohort of 15 OSCC versus 15 control oral swirls yielded a dysregulation score AUC of 0.86 (95% CI, 0.79-1.00) with the classification tree identifying 100% (15/15) of OSCC and 67% (10/15) of controls. This study debuts the use of OSCC-associated miRNA, commonly dysregulated in both FFPE and frozen specimens, in oral swirls to indicate the presence of OSCC with high accuracy.
Introduction
It is well established that oral carcinogenesis results from accumulation of genetic alterations in squamous mucosa, which leads to malignant transformation of normal oral epithelium. Oral squamous cell carcinoma (OSCC) may be preceded by morphologic alterations of the oral mucosa; however, the clinical trajectory of these remains stubbornly unpredictable. Precursor mucosal changes, grouped together as oral potentially malignant disorders (OPMD), vary from small well-defined white or red mucosal patches to widespread and extensive changes of the oral mucosa.
Approximately 2.6% of the population is affected by OPMD, such as oral leukoplakia and oral lichen planus (OLP), and it is estimated that 1% to 3% of individuals with OPMD will go on to develop OSCC (1, 2) . Diagnosis of OSCC and OPMD is currently made by clinical evaluation and scalpel biopsy of a discernable lesion. Sampling error and intra-and interobserver reliability remain an issue with histopathologic assessment of specimens having a false-negative rate of up to 10% (3) . Further, malignant change can develop in an area that does not exhibit clinical or histopathologic abnormality; thus, ways to assess the entire oral mucosal field are desired.
When diagnosed at a late stage, treatment of OSCC is highly debilitating, and the disease is often fatal. Early stage OSCC, however, has a favorable prognosis and requires less aggressive treatment. Unfortunately, OSCC often goes unnoticed or can be misdiagnosed by primary care practitioners (4) . Almost half of patients experience diagnostic delay, and over 50% of patients present with advanced stage of disease (5) . Hence, early detection is key. Identification of OSCC at a molecular level preceding clinical and histopathologic evident change will transform diagnosis into prognosis. Further, risk stratification is desired not only in individuals who present with OPMD but, also, for the general population, particularly those exposed to risk factors for OSCC.
An ideal diagnostic test would be quick and easily collected at point of care. An appropriate sampling method is an oral swirl, which comprises 10 mL of sterile deionized water, swirled like a mouthwash for 50 seconds before expectoration into a tube (6) . The resulting sample includes the deionized water, saliva, and other oral contents. Specialized devices and training are not required for administration of oral swirls. We have recently shown that oral swirls can be used as a source of microRNAs (miRNA), which are likely to be contained in and protected by extracellular vesicles (6) . Changes in miRNA expression have been associated with almost all human malignancies and may be considered an indicator of activity within the cells. Thus, altered miRNA expression is a candidate marker of early malignant change in the absence of clinically visible mucosal change. Analysis of miRNAs isolated from oral swirls could be used to identify malignant changes within the oral cavity.
Analytic techniques used to analyze RNA and DNA, including microarrays, PCR, and next-generation sequencing (NGS), are also applicable to miRNA. NGS has successfully identified miRNA expression profiles in patients with OSCC, whereas microarrays and PCR have been used successfully to investigate biofluids including serum, plasma, and salivary miRNA (7, 8) . Comparison of prospectively collected clinical samples with archived formalin-fixed paraffin-embedded (FFPE) and frozen specimens is required to bridge application of retrospective genomic studies. MiRNA has been shown to be fit for this purpose, with expression profiles consistent between freshfrozen and FFPE in pairwise analyses in other malignant tissues (9) . MiRNAs discovered to have shared dysregulation in both frozen resection specimens and FFPE diagnostic biopsy may also be detectable and dysregulated in oral swirls.
We aimed to identify miRNA dysregulated in OSCC using NGS of RNA isolated from FFPE tissue from diagnostic biopsy collected by the Royal Dental Hospital (RDH). These dysregulated miRNAs were then compared with alterations identified in fresh-frozen tissues by The Cancer Genome Atlas (TCGA) database. Finally, alterations of commonly identified dysregulated miRNAs in oral swirl samples from patients with OSCC were elucidated.
Materials and Methods
This study was approved by the Human Research Ethics Committee of the University of Melbourne (Ethics ID: 050900X) and Melbourne Health (Ethics ID: 2014.111).
The RDH-NGS dataset FFPE material from the incisional biopsies of 12 patients attending the Oral Medicine Department of the Royal Dental Hospital of Melbourne was collected. These included 3 histologically normal epithelium (HNE), 3 OSCC, 3 specimens of OLP, and 3 specimens with epithelial dysplasia.
RNA from 4 Â 20 mm FFPE sections was extracted using the RecoverAll Isolation Kit and concentrated to 15 mL using a rotational vacuum concentrator. RNA quality was assessed using an Agilent 2100 Bioanalyzer using the small RNA assay and RNA Nano 6000 assay. Small RNA libraries were constructed using 100 ng of the RNA using the Ion Total RNA-Seq Kit V2 (Life Technologies) and ligated to adapters containing a unique index barcode (Ion Xpress RNA-Seq Barcode 1-16 Kit, Life Technologies). The yield and size distribution of the small RNA libraries were assessed using the Agilent 2100 Bioanalyzer instrument with the DNA 1000 chip (Agilent Technologies). Equally pooled libraries were prepared for templating on the Ion Chef system (Life Technologies) and sequenced on the Ion Torrent S5 using Ion 540 chips (Life Technologies) and 200 bp chemistry (Life Technologies). Preprocessing of reads and removal of adapters and barcodes were performed using the Torrent Suite (v.5.0.2).
The raw NGS sequence data were aligned to hg19 using the TMAP aligner, and aligned reads were mapped to miRBase 21. The EdgeR library was used for normalization of count data (10) . MiRNAs with <30 normalized reads across all samples were discarded.
TCGA-NGS dataset
TCGA data for oral cavity squamous cell carcinoma samples were retrieved, with a census date set at May 2015. This dataset included 292 oral cavity OSCC and 30 normal samples. The EdgeR and limma libraries were used for identification of differentially expressed miRNAs (10) .
Oral swirl-PCR analysis
Oral swirl samples were collected from 30 patients with OSCC (OSCC-OS; mean age, 64.8; 17 males and 13 females) and 30 controls (C-OS; mean age, 58.0; 16 males and 14 females). Recorded habits included smoking (OSCC-OS: current, 9; past, 5; never, 16; C-OS: current, 14; never, 16) and daily alcohol consumption (OSCC-OS: yes, 10; no, 20; C-OS: yes, 5; no, 25). The OSCC-OS cohort included individuals with both early and advanced disease: T classification (T1-16, T2-4, T3-1, T4a-9) and stage (I-14, II-3, III-3, IV-10). The patients were asked to swirl 10 mL of sterile deionized water for 50 to 60 seconds and expectorate into a sterile container. The oral swirls were centrifuged at 4000 x g for 4 minutes at 4 C to pellet the cells which were discarded. The resultant cell-free swirl (OS) was stored at À20 C. Preparation to enrich for contained extracellular vesicles was undertaken as previously described (6) . Briefly, after defrosting the OS samples (5 Â 1 mL aliquots) on ice each aliquot added to 1 mL of 40% w/v polyethylene glycol (PEG) 6000 (Sigma-Aldrich) and incubated overnight at 4 C in a 2.2 mL microcentrifuge tube. The 5 aliquots per sample were then centrifuged at 10,000 x g for 30 minutes before the supernatant was removed leaving approximately 100 mL of precipitant in each. The precipitants were vortexed, pooled, centrifuged at 10,000 x g for 5 minutes, and 400 mL of the supernatant removed giving 100 mL of precipitant from the original 5 Â 1 mL aliquots. A pellet was not always visible.
RNA was extracted from the final OS precipitant using the mirVana microRNA isolation Kit (Life Technologies) beginning with 300 mL of lysis buffer. Yield was measured using a NanoDrop spectrophotometer (NanoDrop1000; NanoDrop Technologies). Samples were concentrated to 20 mL using centrifugation under vacuum, and RNA yield was measured using a Nanodrop spectrophotometer. Each reverse transcription reaction had 80 ng of RNA. A custom reverse transcription (RT) primer pool was designed for use with the EPIK microRNA Select Assay Kit (Bioline, Alexandria, Australia) (11), and qPCR was performed in duplicate on an Eco, Illumina PCR machine. Human heart RNA (Life Technologies) was used as a positive RNA control for RT reactions. The threshold cycle (C t ) autothreshold was determined algorithmically within the Eco software using a modified method of Liu and Saint (12) . A geometric averaging normalization strategy was used (13) . Statistical analyses were performed using GraphPad Prism 7.03; quantified miRNA were assessed using unpaired t tests and AUC of the receiver operator characteristic.
Results
Discovering a commonly dysregulated miRNA signature in both FFPE and frozen specimens NGS of miRNA from FFPE biopsy samples (RDH-NGS). RNA obtained from 12 FFPE biopsies with diagnoses of OSCC, HNE, OLP, or dysplasia was successfully sequenced by small RNA-seq, with a mean read depth of 3.5 million reads (range, 1.9-5.6 million) and a mean of 84% of reads mapping to miRBase (range, 77%-87%). Of the 2,794 human miRNAs in miRBase, significant numbers of alignments (>30 reads total) were found for 348 miRNA species (12.5%). Log-transformed read counts were visualized on a dendrogram of hierarchical clustering (Fig. 1 ). This showed OSCC and HNE samples on opposite ends of the spectrum with OLP and dysplasia samples alternating in between.
Identifying common dysregulation in RDH-NGS and TCGA-NGS datasets
The miRNA abundance distributions of both the RDH-NGS and TCGA-NGS followed a bimodal curve with majority of miRNA species displaying normalized reads counts lower than the geometric median read count of each dataset. There were 236 miRNAs in common between the two datasets obtained from RDH and TCGA. The TCGA-NGS and RDH-NGS read count data were log transformed, and the fold change of each miRNA between OSCC and controls was determined ( Fig. 2A) . MiRNAs which were dysregulated by less than AE1 log 2 fold changes in both datasets or had conflicting up-or downregulation between the two datasets were eliminated, leaving 29 miRNAs showing dysregulation in the same direction (Fig.  2B) . Hierarchical clustering of these selected miRNA in the TCGA-NGS data yielded a sensitivity of 97.9% and specificity 96.7% to distinguish OSCC from HNE (Fig. 3) .
Taken together, these data showed that many miRNAs could be quantified using NGS of FFPE biopsy samples, but only limited candidate miRNAs showed dysregulation in the same direction with greater or less than 1 log 2 fold change in common in OSCC versus control between the RDH-NGS and TCGA-NGS datasets.
Selecting miRNA for study in oral swirl RNA Due to the yield limit of RNA obtained in the oral swirl extracts, NGS was not feasible; hence, oral swirl extracts were analyzed by qPCR. Preliminary qPCR testing suggested that lower-abundance miRNAs were unlikely to be consistently detected; therefore, miRNAs with abundance levels less than the mean read count of both datasets were not examined. A panel of 6 miRNAs of interest remained from the 29 in-common miRNAs: miR-31-5p, miR-21-5p, miR-125b-5p, miR-99a-5p, miR-100-5p, and let-7c-5p ( Table 1 ). The miRNAs identified were also found to be dysregulated in OSCC relative to OLP and OSCC relative to dysplasia (Fig. 2C) . In addition to the six dysregulated miRNAs, two normalization miRNAs were selected, which displayed little variation across RDH-NGS and TCGA-NGS datasets. MiRNA miR-24-3p was consistently abundant, was within the top 5 least variable miRNAs, and has been shown to be highly abundant in saliva and oral swirls (6, 14) . miR-30c was the least variable miRNA with mid-range abundance across all disease states in the RDH-NGS data.
Analyzing miRNA dysregulation in oral swirl RNA training set
The 8 miRNAs were studied in a training set of 15 OSCC-OS samples and 15 C-OS samples. It was found that miR-31-5p was undetectable in both the OS samples tested and a human heart RNA control. However, miR-31-5p was detected in an OSCC FFPE sample [patient P-74 (SCC)] using RT-qPCR, suggesting that miR-31-5p expression in OS is low and was therefore excluded from further analysis. The other seven studied miRNAs were consistently detected in both OSCC-OS and C-OS samples tested in all but two single miRNA assays. Where expression was undetermined, a C t value was replaced by numerical value of 40.
To test if our selected normalizers (miR-24-3p and miR-30c-5p) were suitable for comparisons with the other miRNA, we systematically used each quantified miRNA as a normalizer and examined the effect of this on the abundance distribution for all other miRNAs. Difference in C t from the candidate normalizer was calculated. miR30-c-5p was suitable as a normalizer, but the greatest difference between C-OS and OSCC-OS was found by using miR-99a alone, and subsequent analysis was made using this miRNA (Fig. 4A) . It was found that miR-24-3p was significantly different in abundance (unpaired t test, P ¼ 0.037) between OSCC-OS and C-OS sample RNA and not suitable as a reference miRNA; however, it was included in all subsequent analyses due to this dysregulation. MiR-21, let-7c, and miR-100 abundances were found to be significantly different between OSCC-OS and C-OS (Fig. 4A) .
A "dysregulation score" was developed to display the cumulative significant dysregulation of the studied miRNA. The difference in C t of miR-24-3p, miR-21-5p, let-7c-5p, and miR-100-5p from the C t of miR-99-5p of each sample from the C-OS mean was summed. The resultant number was designated the sample's dysregulation score. Comparing the dysregulation score of the first 
Test cohort
A further test cohort of 15 OSCC-OS versus 15 C-OS samples was analyzed as above and yielded a AUC of 0.86 (95% CI, 0.79-1.00; Fig. 4B and C) .
Development of classification tree algorithm for high-accuracy identification of OSCC-OS
A classification tree was used to create an algorithm based upon the significantly dysregulated miRNAs miR-21, let-7c, and miR-100 in combination with the dysregulation score, dividing the subjects into "LOW" and "HIGH" likelihood of presence of OSCC. The order and cutoff for each miRNA were selected to allow for 100% sensitivity of OSCC-OS as "HIGH" and the highest identification of C-OS as "LOW" likelihood (Fig. 5) .
The conditions of the classification tree were as follows: IF let-7-5p (<À1.00, "HIGH") (>3.38, "LOW") otherwise ("RISK") IF miR-21-5p (>3.22, "HIGH") (<0.745, "LOW") otherwise ("RISK") IF miR-100-5p (<À6.98, "HIGH") (>2.90, "LOW") otherwise ("RISK") IF Dysregulation Score (<7.15, "LOW") otherwise "HIGH" Utilizing this classification tree, all (30/30) of OSCC could be identified as "HIGH" likelihood, and 70% (21/30) of C-OS identified as "LOW" likelihood.
Overall, our results show a panel of miRNA were consistently detected in oral swirls and displayed dysregulation that could be used to correctly identify OSCC-OS and C-OS with high accuracy. 
Discussion
This study, for the first time, demonstrates the clinical application of oral swirls as a source of assessable miRNA using a PEG-based extracellular vesicle enrichment method with subsequent RNA extraction and a two-step qPCR. We have clearly demonstrated that the presence of OSCC can be identified through detecting dysregulation of cancerassociated miRNAs in oral swirls. In this study, we performed NGS on miRNA extracted from FFPE biopsy specimens and compared this with data from the TCGA database of miRNA extracted from fresh-frozen specimens comparing OSCC and controls. This enabled us to identify miRNAs that were abundant and commonly dysregulated between the two tissues types, defining 6 miRNAs to use to assess abundance in oral swirls. Yield of miRNA from formalin-fixed incisional biopsy specimens was sufficient for NGS using the workflow above.
The clinical convenience and facility afforded by utilizing oral swirls is balanced against its limited RNA yield. In the future, with technological advancement, it may be possible to obtain a comprehensive analysis of miRNA in oral swirl extracts which could lead to refining the miRNA panel developed here. Exploring the use of new sample types requires the comparison with established sample types, and although the best available comparison may be sought, the data are not necessarily translatable. In our study, this was evidenced by the variance observed in miR-24-3p abundance in oral swirl RNA extracts, whereas the abundance of this miRNA was equivalent in the OSCC versus HNE NGS data. It is also demonstrated in the difficulty in detecting miR-31-5p in oral swirl extracts and heart RNA, yet it was an abundant miRNA in the FFPE and fresh-frozen resection tissue NGS data and previously detected by others in saliva (15) .
A panel of miRNAs that were commonly dysregulated in OSCC versus control FFPE samples and fresh-frozen samples was successfully identified and appeared suitable for study in oral swirls. All identified miRNAs were reported as dysregulated in oral cancer from heterogeneous studies in the literature and no reports of conflicting directional dysregulation (Table 1 ). This dysregulation may represent a common signature of transcriptome aberration in oral cancer across tissues types and could be useful for early identification of OSCC. Further, it was important that this signature was also demonstrated in OSCC versus OLP and OSCC versus dysplasia in the RDH-NGS data, highlighting its potential for use in predicting malignant transformation in these common potentially malignant oral mucosal disorders.
Although the selection method considered each miRNA individually and independently, it was interesting to discover that the downregulated miRNAs (miR-99a, let-7c, miR-125b, and miR-100) were part of two miR-99a/100-125b clusters encoded on human chromosomes 11 and 21 (16) . miR-99a, let7c, and 125b have been found to be downregulated as a cluster in prostate cancer (17) and cholangiocarcinoma (18) . miR-125b and miR-100 have previously been found to be downregulated together in laser-dissected cells from OSCC tumors and cell lines (19) and supported to target the IGF1R-AktmTOR pathway in head and neck SCC (20) .
Salivary miRNAs have been increasingly explored in the diagnosis of cancer over the last decade (14) , including in head and neck cancer (21) , and specifically for patients with salivary gland neoplasms (22) , esophageal cancer (23), and OSCC (7). Protocols have included stimulated or unstimulated saliva for analysis of either whole saliva or salivary supernatant. Majority of miRNAs detectable in saliva are reported to be concentrated in extracellular Figure 4 . A, Difference in C t of training and test sets OSCC-OS versus C-OS samples for miR-24-3p, miR-21-5p, let-7c-5p, miR-125b-5p, miR-100-5p, and miR-30c-5p from miR-99a-5p with t test P value and AUC. B, Dysregulation score plot of training and test cohorts of OSCC-OS versus COS-OS. C, ROC curve of the dysregulation score for training and test cohorts of OSCC-OS versus COS-OS.
vesicles, primarily exosomes (24) . OSCC cells that have sourced miR-21-rich exosomes have been shown to promote prometastatic behavior in neighboring cells (25) , and the other miRNAs in our panel have not previously been studied in OSCC-associated exosomes. Variable salivary miRNAs have been highlighted of interest in OSCC. Candidates in common with our study include overexpression of miR-21 (15, 26) , miR-31, and miR-24 (7) . A recent meta-analysis showed that circulating miR-21 may be a potential biomarker as a diagnostic tool for early-stage cancer diagnosis of various carcinomas, and salivary miR-21 has been found to be upregulated in esophageal, colorectal, and pancreatic cancer patients (27) . It may be that upregulation of miR-21 in oral swirls represents a sensitive but less specific indicator of malignancy, not just OSCC. In a murine model, progressive increase of miR-21 and miR-31 was noted in saliva with 4NQO-induced epithelial pathogenesis (28) . miR-31 has also been of interest in saliva of OSCC and OPMD patients, although its detection in human OPMD has featured conflicting results (29) . Although miR-31 was not detectable in oral swirls, it remains an miRNA of interest in the study of OSCC development, although miRNAs which can clearly differentiate OSCC versus OPMD likely provide greater clinical utility than those which distinguish between controls versus OSCC and OPMD together. To date, significant dysregulation of miR-99a, let-7c, miR-125b, and miR-100 has not previously been highlighted in saliva. Further, no studies have investigated dysregulation of miRNAs in oral swirls. Oral swirl collection could be administered or prescribed by a medical or dental practitioner in a primary care setting or as an adjunctive tool to longitudinal follow-up of an OPMD in specialist care. Using the workflow as outlined in the present study, the time from receipt or defrost of a sample to qPCR result could occur in less than 24 hours. Further samples are of course necessary to increase the power of the test, and parameters of the algorithm may become further adjusted to ensure sensitivity. The developed algorithm provides a strong foundation from which further samples can be analyzed and used to interrogate the robustness of the test. Future samples could be added to the test development to decrease the standard deviation observed for the clinically normal oral swirl samples. It is not expected that absolutely all OSCCs will exhibit identical dysregulation, outliers will undoubtable be encountered, and the frequency of such outliers needs to be elucidated. It may be more appropriate to create an intermediate tiered RISK category to identify borderline scores in the decision tree and provide a safety net for these expected outliers. Nevertheless, the present study provides proof of concept that oral swirls may present a suitable sample type to detect the presence of disease-associated miRNAs, including in malignancy.
Conclusion
We present a promising avenue for detection of miRNAs in oral swirls as an adjunctive stratification tool for disease states, here demonstrated for OSCC. This is the first time that detection and dysregulation of cancer-associated miRNAs have been demonstrated in oral swirls. Further studies to validate these findings in OSCC and other oral mucosal disease conditions are warranted.
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